, is extremely common in the U.S., with estimated prevalence of 8 million adults (4) . Chronic kidney disease is an independent risk factor for cardiovascular disease (CVD), and individuals with CKD have a high burden of CVD risk factors and cardiac events (5, 6 ). The mechanism of increased cardiovascular risk in CKD is uncertain, but is likely secondary to increased severity of traditional CVD risk factors, most notably hypertension and diabetes (7) . Nontraditional risk factors, including inflammation, oxidative stress, and anemia, may also contribute (8) .
Given the importance of identifying individuals with CKD at highest risk for cardiac events, we evaluated the utility of the Framingham predictive instrument in a predominantly stage 3 CKD population.
Methods

Study design.
We utilized 2 limited-access databases that evaluated CVD in community-based populations: ARIC and CHS. Pooling these population-based studies allowed evaluation of individuals in the Framingham study age range while increasing statistical power and generalizability. From 1987 to 1989, ARIC enrolled 15,792 participants age 45 to 64 years from 4 communities (9) . From 1989 to 1990, CHS enrolled 5,201 subjects age 65 years and older in 4 communities; an additional 687 African Americans were recruited from 1992 to 1993 (10) . To match the Framingham studies (11, 12) we excluded individuals over 74 years old. Data from the limited-access database of the 11th examination of Framingham Heart study cohort and the baseline examination of the Framingham Offspring study (1971 to 1974) were used to reproduce beta-coefficients and survival functions of the Framingham predictive instrument (11, 12) .
We quantified kidney function as GFR estimated with the 4-variable Modification of Diet in Renal Disease study equation (13) (14) (15) . We calibrated the ARIC and CHS laboratories indirectly using NHANES (National Health and Nutrition Examination Survey)-III data (16 -18) . We defined kidney disease as estimated GFR below 60 ml/min/ 1.73 m 2 (4) . Subjects with GFR below 15 ml/min/1.73 m 2 were excluded to avoid individuals likely to require dialysis in the immediate future. Baseline characteristics included demographics (age, gender, race); medical history (coronary heart disease, diabetes, smoking); systolic and diastolic blood pressure; and laboratory variables (total cholesterol, high-density lipoprotein cholesterol, creatinine). Race was defined as white or African American. Cigarette smoking was dichotomized by current use. Diabetes was defined by use of insulin, oral hypoglycemic medications, or fasting glucose level Ն140 mg/dl (7.8 mmol/l) in order to match the original Framingham definition (12) . Baseline coronary disease included a history of coronary angioplasty, coronary bypass surgery, and both recognized and silent myocardial infarction as defined by consensus committees for the respective studies (9, 10) .
After exclusions for missing age, race, gender, or creatinine data or of nonwhite/non-African American race (n ϭ 402), age over 74 years (n ϭ 1,915), and missing baseline coronary heart disease status (n ϭ 317), there were 19,046 subjects. Of these, 1,106 individuals had estimated GFR between 15 and 60 ml/min/1.73 m 2 . A further 168 with coronary heart disease, 2 with missing follow-up data, and 2 with missing blood pressure or laboratory data were excluded, yielding a final population of 934 individuals. Study outcome. The primary outcome included myocardial infarction and fatal coronary heart disease. Myocardial infarction was defined by both clinically recognized and silent infarctions (noted on screening electrocardiograms).
Statistical analysis.
Baseline characteristics for the CKD cohort were compared with the Framingham derivation cohort using chi-square and t tests. All p values are 2-sided, and, as in Framingham, all analyses are gender-specific.
DISCRIMINATION.
Discrimination is the ability of a prediction model to separate those who had events from those who did not have events and was quantified by the C-statistic, analogous to the area under a receiver operating characteristic curve. We obtained the 10-year Framingham survival function from previously published data and reproduced the 5-year survival function for myocardial infarction and fatal coronary heart disease at the mean values of the Framingham risk factors by using individual patient data from the Framingham (11th visit) and Framingham Offspring (baseline visit) datasets, replicating Framingham techniques (2, 12, 19) . Using these survival functions for predicting myocardial infarction and fatal coronary heart disease (defined as "hard" outcomes by Framingham investigators as the more subjective outcome of angina is excluded) and the values for traditional coronary risk factors (blood pressure and lipid categories, age, diabetes, and smoking) from our study population, we utilized coefficients developed by the Framingham investigators to calculate the Framingham risk score for each individual and further derive the 5-and 10-year Framingham probability of a coronary event (2, 3, 20) .
We then created gender-specific "best Cox" models. These utilize Cox proportional hazards regression with covariates identical to those in the Framingham risk score. Coefficients for these covariates are generated based on the results of the predictive model in the CKD population and yield different coefficients than the original Framingham models. For each risk factor, the regression coefficients for the CKD cohort from "best Cox" models and the original Framingham cohort were compared using a 2-tailed z statistic, where z ϭ (b [F] Ϫ b [C] )/SE. The beta coefficients for individual Framingham and CKD covariates are represented by b [F] and b [C] , respectively, while the standard error (SE) is defined as (SE [ 
. Lastly, we computed 2 genderspecific C-statistics: the first applied the Framingham function to the CKD cohort and the second utilized the "best Cox" model in the CKD cohort. For comparison purposes, we duplicated this technique in individuals (n ϭ 16,689) from the pooled cohort with GFR Ն60 ml/min/1.73 m 2 and no history of coronary artery disease. C-statistics are compared using a nonparametric approach (21) .
CALIBRATION. Calibration assesses whether predicted outcomes and actual outcomes agree. Individuals with CKD were divided into quintiles of predicted risk based on their Framingham probabilities, and plots of 5-and 10-year predicted and actual events adjusted for informative censoring using Kaplan-Meier estimates were created. Differences between predicted and actual rates were compared using a modified Hosmer-Lemeshow chi-square statistic (3). High chi-square values indicate poor calibration. Calibration may be poor in cases where the event rate for the population being studied is markedly different than in the Framingham population. In this situation, recalibration is performed, whereby the event rate of the population being studied replaces the event rate of the Framingham population, accounting for a systematic difference in event rates between the 2 populations (3, 20) . Importantly, recalibration does not affect discrimination. To further account for possible differences, we also calculated calibration using the gender-specific "best Cox" models.
SENSITIVITY ANALYSIS.
Because of the high risk of mortality as a competing outcome in CKD, such that individuals with a preponderance of cardiac risk factors may die before having a cardiac event, we examined a composite outcome of cardiac events and all-cause mortality (22) . As the Framingham equations were designed to predict cardiac events and not all-cause mortality, these analyses were performed using "best Cox" models.
All data were analyzed using SAS Version 9.1 (SAS Institute, Cary, North Carolina). The Institutional Review Board at Tufts-New England Medical Center approved this project.
Results
Among 934 individuals with CKD and no history of coronary heart disease, 577 (61.7%) were women. Mean serum creatinine was 1.5 Ϯ 0.3 mg/dl (133 Ϯ 27 mol/l) for men and 1.2 Ϯ 0.3 mg/dl (106 Ϯ 27 mol/l) for women, yielding mean estimated GFR of 52.9 Ϯ 7.5 ml/min/1.73 m 2 . There were 131 (14.0%) individuals with diabetes and 617 (66.1%) with hypertension (Table 1) . Among men with CKD, there were 35 (9.8%) and 74 (20.7%) cardiac events within 5 and 10 years, respectively. Among women, there were 30 (5.2%) and 56 (9.7%) cardiac events, respectively. Additionally, 53 (14.8%) and 126 (35.3%) men, and 54 (9.4%) and 120 (20.8%) women died within 5 and 10 years, respectively ( Table 2) .
Beta-coefficients and hazard ratios both for the original Framingham cohort and for CKD patients based on "best Cox" models are presented in Table 3 . Among men, beta-coefficients significantly differed between Framingham and CKD for both hyperlipidemia and the highest blood pressure group (p Ͻ 0.05), with the markedly increased risk associated with these characteristics in the Framingham Discrimination. In models using the CKD cohort, discrimination was low in men for both 5-and 10-year probabilities.
Models correctly identified individuals who would develop an event 62% and 60% of the time, respectively, in comparison with discrimination of 72% and 69% in the non-CKD cohort pooled from ARIC and CHS and 79% and 73% in the original Framingham cohort. In men with CKD, "best Cox" models significantly improved discrimination. In models using the CKD cohort, discrimination in women ranged from 77% for 5-year events to 73% for 10-year events; this was similar to that seen in individuals Rates were compared using chi-square tests and means using t tests. All testing was 2-sided. All p values Ͻ0.001 for gender-specific differences between individuals with chronic kidney disease (CKD) and Framingham subjects. Framingham probabilities and 5-and 10-year mortality data from the derivation cohort for the Framingham equation were not readily available in published data; therefore, these were generated by reproducing the Framingham derivation cohort using limited access patient level data from visit 11 of the Framingham Heart study and the baseline visit of the Framingham Offspring study.
Cox Regression Coefficients for the Cohort of Individuals With CKD and for the Original Framingham Cohorts for 10-Year Cardiac Outcomes (Fig. 2) . Recalibrated models performed somewhat better. Although prediction remained poor in men (5-and 10-year chi-square of 13.7 (p ϭ 0.01) and 32.3 (p Ͻ 0.001), respectively ( Fig. 1) , there was no longer a significant difference in predicted and observed events in 5-and 10-year probability models for women (Fig. 2) . "Best Cox" models performed well for 5-and 10-year probabilities in both men and women, with chi-square values of 4.2 and 4.0 for men and 0.8 and 2.5 for women, respectively (p Ͼ 0.20 for all). Table 4 Gender Weiner et al. July 17, 2007:217-24 Framingham Prediction in Kidney Disease Sensitivity analysis. Because individuals with CKD are at increased risk for noncardiovascular mortality and this competing risk may affect cardiac outcomes, we examined calibration of the Framingham equations for a composite outcome of myocardial infarction and all-cause mortality. In genderspecific 5-and 10-year models, the composite event rate increased as Framingham risk rose (Fig. 3) . "Best Cox" models performed well for 5-and 10-year probabilities in men, with chi-square values of 2.1 and 2.3 (p Ͼ 0.20 for both). In women, models also performed relatively well, with chi-square values of 2.6 and 7.1, respectively (p Ͼ 0.10 for both).
Gender-Specific C-Statistics Demonstrating Discrimination for Framingham Functions in Individuals With and Without CKD and in the Original FHS Derivation Cohort
Discussion
In the current study, we used a bi-racial, community-based cohort to assess the utility of the Framingham predictive equation for cardiac events in individuals with CKD. Our findings were as follows: 1) discrimination of the baseline Framingham equation in individuals with CKD, particularly men, is poor; 2) discrimination can be significantly improved with use of "best Cox" models, which utilize the same traditional risk factors as the Framingham equation but assign different weight to each factor, indicating that traditional Framingham risk factors are important in CKD but that these risk factors carry different influence on cardiac events; 3) calibration of the Framingham equation in men and women with CKD is poor; and 4) recalibration, which accounts for a systematic underestimation of cardiac events by the Framingham equation in individuals with CKD, improves accuracy in women but not in men, and this failure in men likely is due to the competing outcome of death. Discrimination is the ability of a prediction model to separate those who experience a cardiac event from those who do not. The C-statistic expresses the probability of correctly identifying from a random pair (containing an individual who will develop and an individual who will not develop coronary disease) the individual who will develop coronary disease (23) . In models using the original Framingham equation, discrimination in men with CKD was only 60% to 62%, whereas in men without CKD it was 69% to 72%, and in the Framingham derivation cohort it was 73% to 79%. Discrimination was better in women but still appreciably worse than in the Framingham population. This is particularly remarkable as individuals comprising the CKD cohort have relatively high GFR (mean 53 ml/min/ 1.73 m 2 ) and fairly "normal" appearing serum creatinine levels (mean 1.3 mg/dl). Importantly, this cohort is representative of the large majority of the 8 million individuals in the U.S. with CKD. When we assigned different weights to each Framingham covariate with "best Cox" models, discrimination improved significantly, approaching that seen in the non-CKD population and demonstrating that traditional cardiovascular risk factors are important in individuals with CKD but that they differ in magnitude of importance.
Calibration is the measure of how closely predicted outcomes agree with actual outcomes. In models using the original Framingham equation, calibration was poor in both men and women. While the Framingham predictive equations are an integral component of CVD prevention guidelines in the U.S., they tend to overestimate cardiac risk in non-U.S. and minority populations (3, 20, 24, 25) . This is often correctable with recalibration for the event rate within the population, reflecting a systematic error of the Framingham equation such that it is either overestimating or underestimating events by a constant factor (20,23,26 -29) . Although the predictive utility of the Framingham equations in CKD improve after recalibration for higher event rates, with improvement particularly notable in women, recalibrated Framingham equations remained inadequate in men with stage 3 to 4 CKD.
This manuscript dramatically expands on recent findings by our group where we showed that adding a CKD term to the Framingham equations identified additional at-risk individuals but did not improve discrimination in a population that included individuals both with and without CKD (30) . Focusing only on individuals with CKD, we explored the relationship between specific traditional risk factors and outcomes in individuals with CKD and found that, although many traditional risk factors remained important in CKD, they carried different weight. While it is not entirely apparent why the Framingham instrument is inaccurate in CKD, the regression coefficients presented in Table 3 suggest several hypotheses. In men with CKD, elevated blood pressure and elevated total cholesterol do not carry the same risk that is seen in the Framingham cohort; further, there appears to be no relationship between highdensity lipoprotein cholesterol and outcomes, and the import of diabetes appears greater. In women, cholesterol again has less of an effect while diabetes assumes more import and blood pressure has a marked "J"-shaped relationship. The Framingham equations, as currently designed, anticipate that the relationship between risk factors like elevated cholesterol and elevated blood pressure with outcomes will be linear when examined on a population scale. However, in individuals with a chronic condition like CKD, lower blood pressure and lower cholesterol may be identifying individuals with greater infirmity; this is well described in dialysis patients (31) . Additionally, the mortality rate in men with CKD is very high. These factors make development of prediction models challenging as: 1) many risk factors for mortality are also risk factors for cardiac events; and 2) in the most infirm individuals, risk factors and outcomes may have an altered relationship. In women, where the mortality rate is lower, this is less important. These altered, nonlinear relationships may reflect subclinical CVD; for example, the coexistence of diabetes and kidney disease identifies individuals with severe enough diabetes to develop end-organ damage. Accordingly, similar findings for the impact of diabetes on cardiac outcomes were appreciated in an assessment of the Framingham risk score in kidney transplant recipients (32) . Therefore, these findings may suggest that the dual presence of CKD and traditional risk factors like diabetes and hypertension indicates a greater duration or severity of these risk factors-this would not be accounted for in the Framingham risk score.
Composite Events
Similarly, recalibration failure in CKD may be explained by the competing high mortality rate seen in this population, as individuals who die are also those at highest risk for coronary disease. In subjects with CKD, 10-year mortality exceeded 35% in men and 20% in women, rates nearly 4 times higher than those appreciated in the Framingham derivation cohort. In the lowest 4 quintiles of Framingham risk in men with CKD, observed events reliably exceed predicted events; however, in the highest risk quintile, predicted events far exceeded observed events. This paradox is explained by the effects of mortality and is presented in Figure 3 , where, after evaluating a composite outcome of cardiac events and all-cause mortality, 5-and 10-year event rates in men reliably increase as quintile of Framingham risk rises. In women, where for any given age the mortality rate is lower than seen in men, the competing risk presented by mortality is less important and recalibration is more successful.
Our study has several limitations. Because most participants with kidney disease had estimated GFR above 40 ml/min/1.73 m 2 , we cannot comment on the utility of Framingham equations in more advanced disease. However, it is notable that the vast majority of individuals in the U.S. with CKD and impaired kidney function, nearly 8 million people, fall into this GFR range. We do not have data on microalbuminuria, a component of kidney disease that independently predicts CVD (4, 33, 34) . Additionally, because of the limited size of the CKD population, we lack the statistical power to perform race-specific analyses.
Our study has several strengths. The pooled cohort comprises a large population-based cohort with decreased kidney function and represents a diverse population with a wide age range. Both ARIC and CHS, reflecting their design as community-based cardiovascular studies, have thorough cardiac and mortality event ascertainment. Additionally, we have detailed medical histories and data that allow creation of a cohort of individuals with CKD without known prior coronary disease.
Conclusions
Although traditional risk factors are important predictors of cardiac events in individuals with CKD, the Framingham equations do not accurately weight these risk factors in predicting coronary heart disease events in CKD. Much of this failure is driven by competing events with death as well as the significantly higher cardiac event rate in CKD patients. While it is possible to somewhat improve coronary heart disease prediction in individuals with CKD, particularly in women, both by recalibrating the equations and by assigning different importance to traditional Framingham risk factors, it is likely that future predictive equations with adequate sample size for development and validation of a predictive model in CKD will need to examine both cardiac events and mortality in this high risk population with the goal of identifying shared modifiable risk factors for adverse outcomes.
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